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XVHGWKXVDVVXPLQJVWUDLQOHYHOVDUHVPDOO+RZHYHUKHDY\ORDGVDQGKLJKVSHHGVFDQUHVXOW
LQKLJK VWUDLQ OHYHOV DQG WKXV DQRQOLQHDU VRLO UHVSRQVH >@ >@6RPH UHVHDUFKHUVKDYH
SURSRVHGPDQXDOO\UHGXFLQJVRLOVWLIIQHVVWRDFFRXQWIRUQRQOLQHDULW\>@>@$OWHUQDWLYHO\
DQHTXLYDOHQWQRQOLQHDUDSSURDFKFDQEHXVHGZKHUHWKH<RXQJ¶VPRGXOXVLVDXWRPDWLFDOO\
DGMXVWHGEDVHGRQWKHPD[LPXPHIIHFWLYHRFWDKHGUDOVKHDUVWUDLQDWDOOSRLQWVLQWKHVRLOPHVK
7KHQLWFDQEHXSGDWHGXQWLOFRQYHUJHQFH>@
&RQVLGHULQJWKDWQRQOLQHDUJURXQGUHVSRQVHFDQJUHDWO\HIIHFWWUDFNUHVSRQVHWKLVSDSHU
RXWOLQHV DQ HIILFLHQW VHPLDQDO\WLFDO DSSURDFK IRU PRGHOOLQJ QRQOLQHDU VRLO HIIHFWV LQ WKH
SUHVHQFHRIIUHLJKWWUDIILF7KHWUDFNUHVSRQVHLVVLPXODWHGXVLQJD'DQDO\WLFDODSSURDFK
Computers in Railways XVI  507
 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on The Built Environment, Vol 181, © 2019 WIT Press
doi:10.2495/CR180451

DQGWKHVRLOLVVLPXODWHGXVLQJWKHWKLQOD\HUPHWKRG7RIDFLOLWDWHQRQOLQHDUVRLOUHVSRQVH
WKHVRLOVWLIIQHVVLVFRPSXWHGEDVHGXSRQVWUDLQOHYHOVLQDQLWHUDWLYHPDQQHU
180(5,&$/02'(/'(9(/230(17
)UHLJKW WUDLQVFDUU\KHDY\D[OH ORDGVZKLFK FDQSRWHQWLDOO\ FDXVH ODUJH VWUDLQVZLWKLQ WKH
WUDFN¶V VXSSRUWLQJ VXEJUDGH  7KLV UHVXOWV LQ QRQOLQHDU VRLO EHKDYLRXU DQG WKXV UHGXFHG
VXSSRUW VWLIIQHVV  0RGHOOLQJ QRQOLQHDU VRLO EHKDYLRXU LQ WKH WLPH GRPDLQ LV W\SLFDOO\
FRPSXWDWLRQDOO\ LQWHQVLYH VR WR UHGXFHFRPSXWDWLRQDO UHTXLUHPHQWV D IUHTXHQF\GRPDLQ
WKLQOD\HUILQLWHHOHPHQWPRGHOZDVGHYHORSHGDQGFRPELQHGZLWKDQHTXLYDOHQWQRQOLQHDU
SURFHGXUH7KLVVRLOPRGHOZDVWKHQFRXSOHGZLWKDWUDFNPRGHO
7UDFNPRGHO
)RUDOO VLPXODWLRQVDEDOODVWHG WUDFNZDVFRQVLGHUHGZLWK UDLO UDLOSDG VOHHSHU DQGEDOODVW
HOHPHQWV9HUWLFDOZDYHSURSDJDWLRQZDVSHUPLWWHGDQGWKHWUDFNZDVFRXSOHGWRWKHWKLQ
OD\HUJURXQGPRGHOXVLQJDVSULQJGHILQHGLQWKHIUHTXHQF\ZDYHQXPEHUGRPDLQ

ۏێێێ
ێۍܧܫ௥݇ଵସ ൅ ݇௣כ െ ߱ଶ݉௥ െ݇௣כ  ?െ݇௣כ ݇௣כ ൅ ଶఠா್כ௕ఈ௧௔௡൬ഘ೓಴೛൰஼೛ െ ߱ଶ݉௦ ିଶఠா್כ௕ఈ௦௜௡൬ഘ೓಴೛ ൰஼೛ ? ିଶఠா್כ௕ఈ௦௜௡൬ഘ೓಴೛൰஼೛ ଶఠா್כ௕ఈ௧௔௡൬ഘ೓಴೛ ൰஼೛ ൅ ݇௘௤ےۑۑ
ۑۑې ቐ ݑ෤௥ሺ݇ଵǡ ߱ሻݑ෤௦ሺ݇ଵǡ ߱ሻݑ෤௕௕ሺ݇ଵǡ ߱ሻቑ ൌ ൝ ෨ܲሺ݇ଵǡ ߱ሻ ? ? ൡǤ

,QWKLVHTXDWLRQ(,ULVWKHEHQGLQJVWLIIQHVVRIWKHUDLOPULVWKHPDVVRIUDLOVSHUPHWHU
PVLVWKHHTXLYDOHQWGLVWULEXWHGPDVVRIVOHHSHUVNSLVWKHFRPSOH[VWLIIQHVVRIWKHUDLOSDG
NHTLVWKHHTXLYDOHQWVWLIIQHVVRIWKHJURXQG(ELVWKH<RXQJ¶VPRGXOXVRIWKHEDOODVW&SLV
WKHFRPSUHVVLRQZDYHVSHHGLQWKHEDOODVWKLVWKHEDOODVWOD\HUKHLJKWĮLVWKHDGLPHQVLRQDO
SDUDPHWHUWDNHQDVELVWKHKDOIZLGWKRIWKHWUDFN
7KHEDOODVWHGWUDFNPRGHOZDVFRXSOHGWRWKHVRLOXVLQJWKHFRPSOH[HTXLYDOHQWVWLIIQHVV
RIWKHJURXQGNHT7KHUDWLREHWZHHQWKHIRUFHDQGPHDQGHIOHFWLRQDWWKHWUDFNVRLOFRQQHFWLRQ
ZDVXVHGWRFRPSXWHWKHHTXLYDOHQWVWLIIQHVV>@7KLVVWLIIQHVVZDVFRPSXWHGDV

 ෨݇௘௤ሺ݇ଵǡ ߱ሻ ൌ  ?ߨ׬ ݑ෤௭௭ீሺ݇ଵǡ ݇ଶǡ  ?ǡ ߱ሻܥ௧௚݀݇ଶାஶିஶ ǡ  
ZKHUHX]]LVWKH*UHHQ¶VIXQFWLRQRIYHUWLFDOGLVSODFHPHQWRIWKHJURXQGLQWKHZDYHQXPEHU
IUHTXHQF\GRPDLQDQGNDQGNDUHWKH)RXULHULPDJHVRIFRRUGLQDWH[DQG\UHVSHFWLYHO\
7KH*UHHQIXQFWLRQZDVFRPSXWHGXVLQJWKH+DVNHOO7KRPSVRQDSSURDFK>@
*URXQGPRGHO
7KHJURXQGZDVPRGHOOHGXVLQJWKH7KLQ/D\HU0HWKRG7/07KLVLQYROYHGGLVFUHWLVLQJ
WKHPHGLXPLQWRLQILQLWHO\KRUL]RQWDOOD\HUV)LJ
7KHNH\PRGHOOLQJGHWDLOVDUH
x 7KH WKLFNQHVV RI WKH WKLQ OD\HUV ZDV EDVHG RQ WKH PD[LPXP ZDYHQXPEHU
K ZDYHOHQJWK ʌNPD[
508  Computers in Railways XVI
 
 www.witpress.com, ISSN 1743-3509 (on-line) 
WIT Transactions on The Built Environment, Vol 181, © 2019 WIT Press


)LJXUH6FKHPDWLFGLDJUDPRIWKH7/0PRGHOOLQJSURFHVV
x )RUKLJKDFFXUDF\VWUHVVVWUDLQFRPSXWDWLRQTXDGUDWLFHOHPHQWVZHUHXVHG
x 2QFHWKHGLVSODFHPHQWVZHUHFDOFXODWHGIRU LQGLYLGXDOQRGHVVWUDLQVDQGVWUHVVHV
ZHUHFRPSXWHGXVLQJ
 ሼઽሽ ൌ ሾ۰ሿሼ܃ሽǡ 
 ሼોሽ ൌ ሾ۲ሿሼઽሽ ൌ ሾ۲ሿሾ۰ሿሼ܃ሽǡ  ? ? ?
ZKHUH>%@ >%%%@DQG

ሾ۰݅ሿ ൌ
ۉۈ
ۈۈۈۈ
ۈۇ݅݇ ?ܰ݅  ?  ? ? ݅݇ ?ܰ݅  ? ?  ?߲߲ܰ݅ݖ݅݇ ?ܰ݅ ݅݇ ?ܰ݅  ? ? ߲߲ܰ݅ݖ ݅݇ ?߲߲ܰ݅ܰ݅ݖ  ? ݅݇ ?ܰ݅یۋ
ۋۋۋۋ
ۋۊǡ

 ? ? ?


[[[
[[
[[[















 
 
 
1
1
1
 ? ? ?
x $IWHU FRPSXWLQJ WKH UHVXOW LQ WKH ZDYHQXPEHUIUHTXHQF\ GRPDLQ WKH\ ZHUH
FRQYHUWHGEDFNLQWRWKHWLPHVSDFHGRPDLQXVLQJWKHLQYHUVH)RXULHU7UDQVIRUP
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7KHPD[LPXPVWUDLQOHYHOZDVIRXQGDSSUR[LPDWHO\PIURPWKHWUDFNVRLOLQWHUIDFHDQG
UHGXFHGUDSLGO\DVGHSWKLQFUHDVHG$OVR)LJEVKRZVWKHHIIHFWRIVWUDLQOHYHOVRQVRLO
VWLIIQHVV%\WKHVHFRQGLWHUDWLRQWKHVRLOZDVRQO\DWRILWVORZVWUDLQVWLIIQHVVYDOXH
DQGE\WKHILQDOLWHUDWLRQLWZDV
7KH<RXQJ¶VPRGXOXVIRUGLIIHUHQWGHSWKVIRUGLIIHUHQWLWHUDWLRQVLVVKRZQLQ)LJD
)RULWHUDWLRQWKHVWLIIQHVVGRHVQRWFKDQJHZLWKGHSWKEHFDXVHWKLVLVWKHRULJLQDO03D
YDOXH$IWHUVWUDLQXSGDWLQJWKRXJKWKHUHDUHODUJHUHGXFWLRQVZLWKGHSWKSDUWLFXODUO\QHDU
WKHVRLOVXUIDFH)RUWKHOLQHDUUHVSRQVHVIRUWKHSDVVHQJHUWUDLQWUDFNGLVSODFHPHQWVZHUH
 PP KRZHYHU IRU WKH IUHLJKW WUDLQ WKH\ ZHUH  PP  7KHQ DIWHU FRQVLGHULQJ QRQ
OLQHDULW\WKHGLVSODFHPHQWVZHUHDQGPPUHVSHFWLYHO\
7KHUHIRUH LW ZDV IRXQG WKDW FRQVLGHULQJ WKH QRQOLQHDU QDWXUH RI WKH VRLO KDG D YHU\
VLJQLILFDQWHIIHFWRQWUDFNJURXQGUHVSRQVHDQGWKDWLIWUDGLWLRQDOOLQHDUZDVXVHGLWZRXOG
VLJQLILFDQWO\ XQGHUHVWLPDWH UDLO GHIOHFWLRQV  ,QFUHDVHG GLVSODFHPHQWV ZRXOG OHDG WR PRUH
IUHTXHQWORVVRIWUDFNJHRPHWU\DQGWKXVUHTXLUHPRUHIUHTXHQWWDPSLQJ)LQDOO\LWLVDOVR
QRWHGWKDWG\QDPLFHIIHFWVEHFRPHPRUHQRWLFHDEOHZKHQWKHVRLOVWLIIQHVVUHGXFHVZLWKWKH
ILQDOLWHUDWLRQGLVSODFHPHQWVEHLQJOHVVV\PPHWULFWKDQWKHLQLWLDOLWHUDWLRQ
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D
E
)LJXUH D 6WUDLQ YV GHSWK IURP VRLO VXUIDFH E 6WLIIQHVV GHJUDGDWLRQ FXUYH ZLWK
LWHUDWLRQVVKRZQ
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D
E
)LJXUHD<RXQJ¶VPRGXOXVUHGXFWLRQZLWKGHSWKE7UDFNGLVSODFHPHQWV
&21&/86,216
8SJUDGLQJ H[LVWLQJ SDVVHQJHURQO\ UDLOZD\ OLQHV WR FDUU\ IUHLJKW WUDIILF LV EHFRPLQJ
LQFUHDVLQJO\GHVLUDEOH7KLVLVFKDOOHQJLQJEHFDXVHIUHLJKWWUDLQVKDYHODUJHUD[OHORDGVDQG
WKXVFDQKDYHDQHJDWLYHHIIHFWRQWUDFNORQJHYLW\SDUWLFXODUO\RQEDOODVWHGOLQHVVXSSRUWHG
E\VXERSWLPDOJURXQGFRQGLWLRQV7KHVHDGGLWLRQDOORDGVFDQFDXVHODUJHVXEJUDGHVWUDLQV
UHVXOWLQJ LQ QRQOLQHDU EHKDYLRXU ZKLFK VKRXOG EH FRQVLGHUHG EHIRUH SHUPLWWLQJ IUHLJKW
YHKLFOHVRQSDVVHQJHUURXWHV7RGRVRUHTXLUHVWKHPRGHOOLQJRIQRQOLQHDUVRLOEHKDYLRXU
ZKLFKLVFKDOOHQJLQJ7KHUHIRUHWKLVSDSHUSUHVHQWHGDPHWKRGWRPRGHOQRQOLQHDUWUDFNVRLO
EHKDYLRXU LQ WKH IUHTXHQF\ GRPDLQ ,W ZDV XVHG WR LQYHVWLJDWH WKH GLIIHUHQFH EHWZHHQ
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